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SUMMARY 

A p i l o t e d  s imula to r  was used t o  e v a l u a t e  t he  f l i gh t -pa th -ang le  c o n t r o l  
c a p a b i l i t i e s  o f  a system t h a t  employs s p o i l e r  d i r e c t  l i f t  c o n t r o l .  This  
system was des igna ted  the Veloc i ty  Vector Cont ro l  System and was compared wi th  
a b a s e l i n e  f l i gh t -pa th -ang le  c o n t r o l  system which used e l e v a t o r  f o r  c o n t r o l .  
The s imula ted  a i r p l a n e  was a medium j e t  t r a n s p o r t  t h a t  is used as a r e s e a r c h  
v e h i c l e  by t h e  Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  ( N A S A ) .  Research 
p i l o t s  flew a manual ins t rument  l and ing  system g l ide - s lope  t r a c k i n g  t a s k  and a 
v a r i a b l e  f l i gh t -pa th -ang le  t a s k  i n  the  l and ing  c o n f i g u r a t i o n  t o  o b t a i n  compara- 
t i v e  performance data. 

Resu l t s  of t h e  s tudy  showed t h a t  t h e  Ve loc i ty  Vector Cont ro l  System pro- 
vided a very respons ive  and s t a b l e  f l i gh t -pa th -ang le  rate command system. 
F l igh t -pa th-angle  s t a b i l i t y  i n  t h e  presence o f  wind d i s t u r b a n c e s  was e x c e l l e n t .  
The b a s e l i n e  system e x h i b i t e d  comparatively s l u g g i s h  response  t o  shor t - te rm 
f l igh t -pa th -ang le  c o n t r o l  requi rements  and was less s t a b l e  i n  wind d i s t u r b a n c e s .  
Also, t h e  use  o f  Veloc i ty  Vector Cont ro l  System r e s u l t e d  i n  less p i tch-angle ,  
ang le -o f -a t t ack ,  and normal -acce lera t ion  a c t i v i t y  i n  the  presence o f  t u rbu lence .  

INTRODUCTION 

Precise c o n t r o l  o f  a i r p l a n e  f l i g h t - p a t h  ang le  y is an important t a s k  
dur ing  many phases of  f l i g h t .  This  is e s p e c i a l l y  t r u e  i n  t h e  t e rmina l  area 
where maneuvers such as t h e  l and ing  approach are o f t e n  made d i f f i c u l t  by adverse  
wind c o n d i t i o n s .  A s  a p a r t  o f  t h e  Langley Research Cen te r ' s  Terminal Configured 
Vehicle Program, a s y s t e m  designed t o  enhance f l i gh t -pa th -ang le  c o n t r o l  i n  
p i l o t e d  modes has p rev ious ly  been f l i g h t  t e s t e d  on the  research a i r p l a n e  shown 
i n  f i g u r e  1 ,  and the  results are repor t ed  i n  r e fe rence  1 .  That system, which 
is des igna ted  t h e  "base l ine  system" i n  t h i s  s t u d y ,  used e l e v a t o r  f o r  f l i g h t -  
path-angle c o n t r o l .  The p i l o t  c o n t r o l l e d  y by manipula t ing  p i t c h  c o n t r o l s  
and by r e f e r e n c e  t o  a d i s p l a y  on the  cockp i t  e l e c t r o n i c  a t t i t u d e  d i r e c t o r  i n d i -  
c a t o r .  Comments from t h e  p i l o t s  t h a t  had exper ience  w i t h  t h e  b a s e l i n e  system 
g e n e r a l l y  i n d i c a t e d  a d e s i r e  f o r  qu icke r  f l i gh t -pa th -ang le  response  and b e t t e r  
c o n t r o l  p r e c i s i o n ,  e s p e c i a l l y  i n  tu rbu lence  and wind shears. 

A s  a r e s u l t  o f  i n v e s t i g a t i o n s  i n t o  ways of provid ing  t h e  desired c o n t r o l  
improvements, a new system c a l l e d  t h e  Ve loc i ty  Vector Cont ro l  System was devel- 
oped and tested by us ing  ground-based s imula t ion .  The des ign  of t h e  Veloc i ty  
Vector Cont ro l  System was based on the  use o f  s p o i l e r  d i r e c t  l i f t  c o n t r o l  which 
provided a more r a p i d  l i f t  modulation than  could be produced by us ing  t h e  a i r -  
p lane  e l e v a t o r  system. P i l o t  d i s p l a y  and c o n t r o l  f u n c t i o n s  remained t h e  same 
as f o r  t h e  b a s e l i n e  system. T h i s  r e p o r t  p r e s e n t s  r e s u l t s  o f  t h e  p i l o t e d  Simu- 
l a t o r  s t u d y  which was used t o  e v a l u a t e  the  performance o f  t h e  two systems dur- 
i n g  s e l e c t e d  f l i gh t -pa th -ang le  c o n t r o l  t asks .  F l i g h t  c h a r a c t e r i s t i c s  of t h e  
r e sea rch  a i r p l a n e  i n  t h e  l and ing  c o n f i g u r a t i o n  were used i n  t h e  s imula t ion  



s tudy .  
characteristics of  t h e  a i r p l a n e .  

Appendix A and table  I c o n t a i n  a br ief  d e s c r i p t i o n  of  the  p h y s i c a l  

SYMBOLS AND ABBREVIATIONS 

Values are presented  i n  botk S I  and U.S. Customary Uni t s .  C a l c u l a t i o n s  
were made 

ADEDS 

AFD 

DLC 

EADI 

EHSI 

EP R 

F F D  

g 

il 

.. 
h 

Ixx 
I Y Y  

Izz 
Ixz  
rLs 

M L S  

MSL 

NCDU 

"z 

PMC 

i n  U.S. Customary Un i t s .  

advanced e l e c t r o n i c  d i s p l a y  system 

a f t  f l igh t  deck 

d i r e c t  l i f t  c o n t r o l  

e l e c t r o n i c  a t t i t u d e  d i r e c t o r  i n d i c a t o r  

e l e c t r o n i c  h o r i z o n t a l  s i t u a t i o n  i n d i c a t o r  

engine p re s su re  r a t i o  

forward f l i g h t  deck 

a c c e l e r a t i o n  due t o  g r a v i t y ,  9.81 m/sec2 (32.2 f t / s e c 2 )  

v e r t i c a l  v e l o c i t y  ( c l imb ing ,  p o s i t i v e ) ,  m/sec ( f t / s e c )  

v e r t i c a l  a c c e l e r a t i o n  (upward, p o s i t i v e ) ,  m/sec2 (f t /sec2)  

moment of  i n e r t i a  about body X a x i s ,  kg-m2 ( s l u g - f t 2 )  

moment o f  i n e r t i a  about body Y a x i s ,  kg-m2 ( s l u g - f t 2 )  

moment of  i n e r t i a  about  body Z a x i s ,  kg-m2 ( s l u g - f t 2 )  

product of  i n e r t i a  about body X and Z a x e s ,  kg-m2 ( s l u g - f t 2 )  

ins t rument  l and ing  system 

microwave landing  system 

mean sea l e v e l  

nav iga t ion  c o n t r o l  and d i s p l a y  u n i t  

normal a c c e l e r a t i o n  (up ,  p o s i t i v e ) ,  g u n i t s  

pane 1-mount ed cont  r o  l ler  

PMC p i t c h  panel-mounted c o n t r o l l e r  p o s i t i o n  forward or a f t  o f  n e u t r a l  
( a f t ,  p o s i t i v e ) ,  cm ( i n . )  
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rms 

S 

TCV 

vvcs 

c1 

Y 

Yc 

YT 

ASP 

ASP, 

AY 

Ae  

6e 

6ec 

SP 

e 

r o o t  mean square  

Laplace v a r i a b l e  

t e rmina l  conf igured  v e h i c l e  

Veloc i ty  Vector Cont ro l  System 

a i r p l a n e  fuse l age  r e fe rence  l i n e  ang le  o f  a t t a c k ,  deg 

f l i gh t -pa th  a n g l e ;  ang le  between a i r p l a n e  i n e r t i a l  v e l o c i t y  
v e c t o r  (Ea r th  r e fe renced)  and l o c a l  h o r i z o n t a l  r e f e r e n c e  p lane  
(c l imbing ,  p o s i t i v e ) ,  deg 

ra te  of  change o f  f l i g h t - p a t h  ang le  (upward, p o s i t i v e ) ,  deg/sec 

pilot-commanded f l i g h t - p a t h  ang le  (c l imbing ,  p o s i t i v e ) ,  deg 

f l igh t -pa th-angle  p r o f i l e  de f ined  by t h e  t r a c k i n g  t a s k  (c l imbing ,  
p o s i t i v e ) ,  deg 

change i n  s p o i l e r  p o s i t i o n  due t o  d i r ec t  l i f t  c o n t r o l ;  measured 
r e l a t i v e  t o  s p o i l e r  b i a s  p o s i t i o n  (up p o s i t i v e ) ,  deg 

s p o i l e r  command f o r  di rect  l i f t  c o n t r o l  (up ,  p o s i t i v e ) ,  deg 

f l igh t -pa th-angle  e r r o r  s i g n a l  (c l imbing ,  p o s i t i v e ) ,  deg 

change i n  p i t c h  ang le  from l e v e l  f l i g h t  t r i m  va lue  (nose  up,  
p o s i t i v e ) ,  deg 

e l e v a t o r  p o s i t i o n  ( t r a i l i n g  edge down, p o s i t i v e ) ,  deg 

command t o  e l e v a t o r  power c o n t r o l  u n i t  ( t r a i l i n g  edge down, 
p o s i t i v e ) ,  deg 

t o t a l  s p o i l e r  p o s i t i o n  due t o  d i r e c t  l i f t  c o n t r o l  and speed- 
brake  handle  i n p u t s  ( a l l  va lues  p o s i t i v e ) ,  deg 

p i t c h  angle (nose up, p o s i t i v e ) ,  deg 

p i t c h  rate (nose  up, p o s i t i v e ) ,  deg/sec 

r o l l  ang le  ( r i g h t  wing down, p o s i t i v e ) ,  deg 

PROBLEM BACKGROUND 

Design d e t a i l s  of t h e  b a s e l i n e  and Veloc i ty  Vector Cont ro l  System 
(VVCS)  c o n t r o l  laws are inc luded  i n  appendixes  B and C ,  r e s p e c t i v e l y .  The 
common des ign  g o a l  o f  each was t o  provide  s t a b i l i t y  and c o n t r o l  augmentation 
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t o  a ist the  . Howev i l o t  i n  f l y i n g  a desired f l i gh t -pa th  angl , t h e  
method of  ach iev ing  t h i s  g o a l  d i f f e r s  somewhat i n  each case  due t o  t h e  
c o n t r o l  systems which were used. Therefore ,  a brief a n a l y s i s  is  included 
h e r e i n  t o  p o i n t  ou t  response c h a r a c t e r i s t i c s  o f  t h e  test a i r p l a n e  due t o  
e l e v a t o r  and s p o i l e r  c o n t r o l  i n p u t s .  

The b a s e l i n e  system u s e s  e l e v a t o r  t o  c o n t r o l  y .  Simulated a i r p l a n e  
responses  a r e  shown i n  f i g u r e  2 f o r  v a r i o u s  magnitudes of  e l e v a t o r  i n p u t .  Note 
t h a t  f o r  each d e f l e c t i o n  of  the e l e v a t o r  there is an  i n i t i a l  wrong-way a c c e l -  
e r a t i o n  o f  the  a i r p l a n e .  T h i s  r e a c t i o n  is due t o  t a i l  downloads t h a t  are 
r equ i r ed  t o  gene ra t e  a d d i t i o n a l  angle of  at tack a f o r  i nc reased  l i f t .  Also 
no te  t ha t  d e l a y s  on the  o rde r  of  1 sec occur before  a p p r e c i a b l e  changes i n  y 
are ob ta ined .  These characterist ics i n d i c a t e  p o t e n t i a l  problems w i t h  t h e  use  
of  e l e v a t o r  systems f o r  f l i gh t -pa th -ang le  c o n t r o l  when r a p i d  response is 
requ i r ed .  

The WCS des ign  u t i l i z e s  s p o i l e r  d i r ec t  l i f t  c o n t r o l  (DLC)  t o  overcome 
the  lags i n  the  y response noted above. F igure  2 shows t h e  r e s u l t s  o f  ac t i -  
v a t i n g  s p o i l e r  c o n t r o l s .  S ince  wing l i f t  is affected almost immediately by 
changes i n  s p o i l e r  d e f l e c t i o n ,  there is  e s s e n t i a l l y  no de lay  between s p o i l e r  
c o n t r o l  a p p l i c a t i o n  and a i r p l a n e  a c c e l e r a t i o n  i n  the  des i r ed  d i r e c t i o n .  Note, 
however, t h a t  an adverse  p i t c h i n g  moment due t o  s p o i l e r  aerodynamics t ends  t o  
o v e r r i d e  the  f avorab le  lift effects o f  DLC after approximately 1 sec. To 
coun te rac t  t h i s  e f fec t ,  VVCS uses  e l e v a t o r  t o  cance l  t h e  adverse  p i t c h i n g  
moment and thereby  ach ieves  both shor t - te rm and long-term b e n e f i c i a l  l i f t  
effects.  The combined e l e v a t o r  and s p o i l e r  i n p u t s  are a l s o  shown i n  f i g u r e  2 .  
Thus, WCS uses  s p o i l e r s  fo r  high-frequency response t o  i n i t i a t e  y changes 
and e l e v a t o r  f o r  a t t i t u d e  c o n t r o l  and s t a b i l i z a t i o n .  

EXPERIMENTAL EQUIPMENT 

Simula tor  

The s imula to r  is designed t o  provide  r ea l i s t i c  s imula t ion  o f  t he  NASA 
research a i r p l a n e  shown i n  f i g u r e  1 .  I n  a d d i t i o n  t o  the  normal p i l o t  s t a t i o n s ,  
t he  a i r p l a n e  is equipped w i t h  a research cockp i t  t h a t  is des igna ted  the  "af t  
f l i g h t  deck" ( A F D )  and is l o c a t e d  behind t h e  f r o n t  cockp i t .  

The s imula to r  is designed t o  d u p l i c a t e  t he  f u l l  range o f  a i r p l a n e  
o p e r a t i o n  from the  AFD.  The f i x e d  base system is d r iven  by a high-speed 
d i g i t a l  computer complex which updates  t he  s imula t ion  model a t  the  rate o f  
32 i t e r a t i o n s / s e c .  The s imula t ion  model i n c l u d e s  non l inea r  aerodynamic data 
which were de r ived  from both f l igh t  and wind-tunnel tests. The s i x  degree-of- 
freedom equa t ions  o f  motion i n c l u d e  round-Earth effects .  A l s o  inc luded  are 
tu rbu lence  and wind-shear models w i t h  v a r i a b l e  parameters.  
system models account fo r  a l l  known h y s t e r e s i s ,  deadbands, o r  o t h e r  non- 
l i n e a r i t i e s  i n  the  a c t u a t i n g  mechanisms. 

F l i g h t - c o n t r o l  
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Cockpit Arrangement 

F igure  3 shows d e t a i l s  o f  t h e  s imula to r  c o c k p i t .  Rudder peda l s ,  t h r o t t l e s ,  
t h e  f l a p  l e v e r ,  and t h e  speed-brake handle  are a l l  conven t iona l ly  designed con- 
t r o l s .  However, each c o n t r o l  column is  rep laced  by a set o f  p i t c h  and r o l l  
c o n t r o l l e r s  mounted on t h e  ins t rument  pane l  and r e f e r r e d  t o  as panel-mounted 
c o n t r o l l e r s  (PMC).  
l o n g i t u d i n a l  c o n t r o l  and r o t a t e  about t he  c y l i n d r i c a l  a x i s  f o r  l a te ra l  c o n t r o l .  
The p i t c h - c o n t r o l  f o r c e  g r a d i e n t  is 14 N / c m  (8 .0  l b / i n . )  wi th  a 17-N (4 .0 - lb )  
breakout  f o r c e .  Handgrips w i t h  s t anda rd  c o n t r o l  column swi t ches  are attached 
t o  t h e  c y l i n d e r s .  

The PMC c o n s i s t s  of  c y l i n d e r s  which s l i d e  f o r e  and a f t  f o r  

I 
The advanced e l e c t r o n i c  d i s p l a y  system (ADEDS) is  an i n t e g r a l  p a r t  o f  most 

r e sea rch  and development e f f o r t s  conducted on both t h e  s imula to r  and t h e  air-  
p l ane .  The ADEDS is an i n t e g r a t e d  n a v i g a t i o n ,  gu idance ,  and d i s p l a y  system 
based on a des ign  developed f o r  t h e  Boeing supe r son ic  t r a n s p o r t  p ro to type  pro- 
gram. A d e t a i l e d  d e s c r i p t i o n  of  t h e  ADEDS system is  conta ined  i n  r e f e r e n c e s  2 
and 3. 

The e l e c t r o n i c  a t t i t u d e  d i r e c t o r  i n d i c a t o r  ( E A D I )  and e l e c t r o n i c  h o r i -  
z o n t a l  s i t u a t i o n  i n d i c a t o r  ( E H S I )  are primary d i s p l a y s  used f o r  a i r p l a n e  navi- 
g a t i o n  and c o n t r o l .  A nav iga t ion  c o n t r o l  and d i s p l a y  u n i t  ( N C D U )  p rov ides  f o r  , f l e x i b l e  au tomat ic  nav iga t ion  f u n c t i o n s .  

The 20-cm (8 - in . )  E A D I  ( f i g .  4 )  was t h e  primary d i s p l a y  ins t rument  used 
i n  t h i s  s tudy .  The hor izon  l i n e ,  p i t c h  scale,  and a i r p l a n e  symbol provide  
p i t ch -ang le  informat ion .  A r o l l  p o i n t e r  and bank-angle index a t  t h e  t o p  o f  
t h e  d i s p l a y  provide  roll a n g l e .  Pilot-commanded f l i g h t - p a t h  a n g l e  yc i s  
d isp layed  by a se t  o f  wedge-shaped symbols and is re fe renced  t o  the hor izon  l i n e .  
Actual y is d i sp layed  by a set  of  r e c t a n g u l a r  b a r s  l o c a t e d  a d j a c e n t  t o  t h e  
yc wedges. 

The small dashed-line symbol ( p i t c h  r e f e r e n c e  l i n e )  may be d r i v e n  au to-  
m a t i c a l l y  or  set  by t h e  p i l o t  t o  any a n g l e  above or below t h e  h o r i z o n t a l  l i n e .  
Glide-slope and l o c a l i z e r  d e v i a t i o n  scales are a v a i l a b l e  f o r  ILS or  MLS 
approaches.  Radar a l t i t u d e  is d isp layed  i n  the  upper right-hand corner  of  the  
s c r e e n ,  and convent iona l  round ins t rumen t s  were used f o r  i n d i c a t e d  a i r s p e e d ,  
barometr ic  a l t i t u d e ,  and v e r t i c a l  v e l o c i t y .  

RESULTS AND DISCUSSION 

Flight-Path-Angle Rate Tests 

Simulated a i r p l a n e  responses  with t h e  VVCS and t h e  b a s e l i n e  system were 
obta ined  f o r  s t e p  i n p u t s  a t  t h e  p i l o t  PMC c o n t r o l s  ( f i g .  5 ) .  The long-term 
r e s u l t  o f  a s tep PMC i n p u t  w i t h  e i ther  sys t em i s  t o  e s t a b l i s h  a rate of change 
of f l i g h t - p a t h  a n g l e  f whose magnitude depends upon a i r s p e e d  and t h e  s i z e  of  
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the i n p u t .  However, the  shor t - te rm response  is o f  greater importance f o r  tasks 
which invo lve  f r equen t  y changes. The response f o r  t h e  VVCS case was 
r a p i d  and very  s table .  The a i r p l a n e  accelerated very smoothly t o  a s teady-  
state va lue  o f  ? and no overshoot  occur red .  Comparatively, t h e  b a s e l i n e  
system e x h i b i t e d  much less s t a b i l i t y ,  as can a l s o  be seen i n  f i g u r e  5. After 
a momentary a c c e l e r a t i o n  i n  t h e  wrong d i r e c t i o n ,  a overshoot  o f  approxi -  
mately 55 percent  occur red ,  followed by a l i g h t l y  damped o s c i l l a t i o n .  

ILS Tracking Task 

A research p i l o t  with f l y i n g  exper ience  i n  the  t es t  a i r p l a n e  was used 
t o  gather t r a c k i n g  performance data f o r  an  I L S  approach task .  The primary 
o b j e c t i v e  was t o  compare y c o n t r o l  performance w i t h  the  VVCS and b a s e l i n e  
system dur ing  a 3O g l ide - s lope  i n t e r c e p t  and t r a c k i n g  t a s k .  A d d i t i o n a l l y ,  
o b j e c t i v e s  were t o  compare a i r p l a n e  p i t ch -ang le  0 and OL a c t i v i t y ,  as  
w e l l  as normal -acce lera t ion  nz response  i n  t u r b u l e n c e .  A Dryden model was 
used t o  s imula t e  0.30 m/sec ( 1  f t / s e c )  root-mean-square ( r m s )  t u rbu lence  on 
t h e  approaches.  

F l igh t  c o n d i t i o n s  f o r  the  tes ts  are l i s t e d  i n  table 11. Each run began 
wi th  t h e  a i r p l a n e  trimmed i n  l e v e l  f l i g h t  on t h e  ILS l o c a l i z e r  approximately 
one dot  below the  g l ide  s lope .  The p i l o t  was i n s t r u c t e d  t o  main ta in  a i r s p e e d  
whi le  t r a c k i n g  t h e  g l i d e  s l o p e  as c l o s e l y  as p o s s i b l e .  Raw g l ide - s lope  devia-  
t i o n  informat ion  was the only cue f o r  v e r t i c a l  e r r o r .  Glide-slope t r a c k i n g  
continued down t o  an a l t i t u d e  o f  15 m (50  f t )  where t h e  t a s k  was te rmina ted .  
Loca l i ze r  e r r o r s  were ignored. 

Seve ra l  approaches were flown w i t h  each c o n t r o l  c o n f i g u r a t i o n .  However, 

Therefore ,  f i g u r e  6 shows time h i s t o r i e s  of  a t y p i c a l .  
due t o  t h e  l a r g e  amount of  recorded data ,  it was not convenient t o  p r e s e n t  time 
h i s t o r i e s  of  each run .  
run w i t h  the  WCS and b a s e l i n e  system. Note t h a t  as the  a i r p l a n e  approached 
t h e  g l ide  s lope ,  the  p i l o t  a p p l i e d  c o n t r o l s  so as t o  cause t h e  commanded y t o  
change from Oo ( l e v e l  f l i g h t )  t o  -3O. 
c o n s i s t e n t  f o r  both runs .  However, a i r p l a n e  response  t o  t h e  y command was 
s i g n i f i c a n t l y  d i f f e r e n t  f o r  t he  two systems. F i r s t ,  no te  t h a t  there was a con- 
siderable overshoot i n  y f o r  t h e  b a s e l i n e  system and a n o t i c e a b l e  o s c i l l a -  
t i o n  about  t he  commanded y (-3O). These o s c i l l a t i o n s  continued throughout t he  
approach even though a per iod  o f  55 s e c  e x i s t e d  dur ing  which no c o n t r o l  i n p u t s  
were a p p l i e d .  To a i d  i n  the  a n a l y s i s ,  t he  q u a n t i t y  yc - y ( t h e  y e r r o r  
s i g n a l )  is a l s o  p l o t t e d .  
throughout t he  b a s e l i n e  approach. 

The manner i n  which he d i d  t h i s  is  f a i r ly  

Fl ight -pa th-angle  e r r o r s  up t o  f0.4O were t y p i c a l  

Next, no te  t h e  resul ts  o f  an i d e n t i c a l  approach w i t h  t h e  Veloc i ty  Vector 
Cont ro l  System. Inspec t ion  of  t h e  yc - y trace shows t h a t  t he  a i r p l a n e  
followed p i l o t  commands very c l o s e l y  and t h a t  the  tu rbu lence  which degraded t h e  
s t a b i l i t y  o f  the b a s e l i n e  sys tem had prac t ica l ly  no e f f e c t  on WCS. The r e s u l t  
was a smoother, more s tab le  approach which p e r m i t t e d  t h e  p i l o t  t o  s e l e c t  a 
des i red  y and t o  r e l y  upon the  system s t a b i l i t y  t o  hold t h a t  f l i g h t - p a t h  ang le  
wi thout  f u r t h e r  p i l o t  a s s i s t a n c e .  Note t h a t  t he  error i n  y r a r e l y  exceeded 
k0. l o  and was u s u a l l y  k0.050 or less.  
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are a r e s u l t  o f  t h e  fact t h a t  t h e  base l rne  system ;sed 
t h e  necessary  l ift modulat ion,  whereas t h e  VVCS employed s p o i l e r s  t o  achieve  
the  same r e s u l t .  

8 and a- t o  gene ra t e  

After t h e  i n i t i a l  maneuver t o  i n t e r c e p t  t h e  g l i d e  s l o p e  w i t h  VVCS, nz 
d e v i a t i o n s  from 1.00 r a r e l y  exceeded kO.01g and were u s u a l l y  below t h a t  va lue .  
The b a s e l i n e  system, on t h e  o t h e r  hand, experienced nz excur s ions  o f  up t o  
k0.05g throughout  t he  approach. This  t r a n s l a t e s  i n t o  an 80-percent r educ t ion  
i n  a i r p l a n e  r e a c t i o n  t o  tu rbu lence  wi th  VVCS and i n d i c a t e s  a s i z a b l e  p o t e n t i a l  
f o r  improving passenger  r i d e  comfort .  

Variable Flight-Path-Angle Tracking Task 

Another NASA r e sea rch  p i l o t  was used t o  gather d a t a  du r ing  a v a r i a b l e  
f l igh t -pa th-angle  t r a c k i n g  t a s k .  The o b j e c t i v e  was t o  determine c a p a b i l i t i e s  
of  both c o n t r o l  systems i n  an environment t h a t  i nvo lves  f r equen t  y changes.  
F l i g h t  c o n d i t i o n s  f o r  t h i s  t a s k  were i d e n t i c a l  t o  t h e  ILS approach t a s k  except  
the  i n i t i a l  f l i g h t - p a t h  a n g l e ,  which was - lo .  The p i l o t  was i n s t r u c t e d  t o  
fo l low a computer-generated YT p r o f i l e  ( t a r g e t )  which was d i sp layed  on t h e  
d o t t e d  p i t c h  r e fe rence  l i n e  on t h e  EADI  ( f i g .  4 ) .  The r e f e r e n c e  l i n e  was 
d r iven  by t h e  computer s o  t h a t  i t  moved up and down t h e  p i t c h  scale o f  t h e  E A D I  
accord ing  t o  the  time p r o f i l e  shown i n  f i g u r e  7 .  The p r o f i l e  v a r i a t i o n s  i n  
YT ( - 3 . 5 O  t o  4.0°) were cons idered  t y p i c a l  f o r  maneuvering i n  t h e  t e rmina l  
approach and go-around f l i g h t  phases .  

A s  t h e  target l i n e  moved accord ing  t o  t h e  p r o f i l e ,  t h e  p i l o t  a p p l i e d  PMC 
p i t c h  c o n t r o l  so as t o  make the  wedges fo l low the  l i n e  as c l o s e l y  as pos- 
s i b l e .  Task o b j e c t i v e s  were i d e a l l y  more s u i t e d  t o  an  au tomat ic  procedure 
( p i l o t  not  i n  t h e  l o o p ) ,  b u t  such a procedure was not  a v a i l a b l e  a t  t h e  time o f  
t h e  t e s t .  Rate o f  movement. o f  t h e  target  l i n e  was approximately 0.25 deg/sec. 
The p i l o t  commented t h a t  he had no t r o u b l e  keeping up w i t h  t h i s  rate and t h a t  
f a t i g u e  was not  a f a c t o r .  
p i l o t  s ta ted t h a t  he was familiar w i t h  t he  t a s k  requirements  and accustomed t o  
t h e  c o n t r o l  f o r c e s  r equ i r ed .  No tu rbu lence  o r  wind shears were inc luded .  Speed 
was maintained by the  a u t o t h r o t t l e  system. 

yc 

Seve ra l  p r a c t i c e  runs  were completed be fo re  t h e  

Resu l t s  o f  t h e  y tracking t a sk  are shown f o r  t h e  Veloc i ty  Vector Cont ro l  
System i n  f i g u r e  8 and f o r  t he  b a s e l i n e  system i n  f i g u r e  9.  
o f  t h e  t a s k  was p r i m a r i l y  t o  determine a i r p l a n e  performance rather than  p i l o t  
performance, it was first necessary  t o  compare p i l o t  i n p u t s  f o r  t h e  VVCS and 
b a s e l i n e  system. Note t h a t  p i l o t  i n p u t s  f o r  bo th  systems followed t h e  t a s k  
p r o f i l e  very  c l o s e l y  and were similar enough t o  be cons idered  p r a c t i c a l l y  
i d e n t i c a l .  

S ince  t h e  o b j e c t i v e  

Airplane f l i gh t -pa th -ang le  performance is e a s i l y  seen by i n s p e c t i o n  of t h e  
yc ,  y ,  and yc - y traces. The VVCS was very respons ive  t o  p i l o t  i n p u t s  and 
t r acked  yc c l o s e l y  throughout  t h e  t a s k .  This  is most apparent  i n  t h e  yc - y 
trace. Airp lane  f l igh t -pa th-angle  e r r o r s  never  exceeded f0.2O dur ing  t h e  ramp 
changes i n  YT and reached a maximum magnitude of 0.50 only  after t h e  p i l o t ' s  
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a t t empt  t o  follow a s tep change i n  YT. The y trace v e r i f i e s  t h a t  t h e  pa th  of 
t h e  a i r p l a n e  very c l o s e l y  matched t h e  t a s k  p r o f i l e .  P i tch-angle  a c t i v i t y  was 
minimized s i n c e  changes i n  8 were only necessary  t o  sa t i s fy  long-term trim 
requi rements  as t h e  s t e a d y - s t a t e  va lue  of  y changed. 

The b a s e l i n e  system was less respons ive  and less s t a b l e  by comparison. 

and were as l a r g e  as 1 . 3 O  dur ing  t h e  s t e p  changes. 
F igure  9 shows t h a t  y 
YT 
was a l s o  somewhat h ighe r  f o r  t h e  b a s e l i n e  system; t h i s  was an expected r e s u l t  
s i n c e  e leva tor -genera ted  a was needed t o  perform t h e  changes i n  y .  

e r r o r s  were t y p i c a l l y  k O . 5 O  dur ing  t h e  ramp changes i n  
P i tch-angle  a c t i v i t y  

Notable d i f f e r e n c e s  i n  a a c t i v i t y  were seen f o r  t h e  two systems. Again, 
t he  b a s e l i n e  system depends heav i ly  on a modulation whereas t h e  VVCS o p e r a t e s  
a t  f a i r l y  cons t an t  va lues  of  a and u s e s  s p o i l e r s  f o r  l i f t  modulation. 

CONCLUSIONS 

A p i l o t e d  s imula to r  was used t o  e v a l u a t e  t h e  performance c a p a b i l i t i e s  o f  
two f l i gh t -pa th -ang le  c o n t r o l  systems f o r  a medium j e t  t r a n s p o r t .  A b a s e l i n e  
system tha t  used e l e v a t o r  f o r  f l i gh t -pa th -ang le  c o n t r o l  was compared w i t h  a 
Ve loc i ty  Vector Cont ro l  System which u t i l i z e d  s p o i l e r  d i r e c t  l i f t  c o n t r o l .  
Research p i l o t s  flew an ins t rument  landing  system g l ide - s lope  t r a c k i n g  t a s k  and 
a v a r i a b l e  f l i gh t -pa th -ang le  t a s k  wi th  the  a i r p l a n e  i n  f i n a l  approach configu- 
r a t i o n .  Based upon s imula to r  r e s u l t s ,  t h e  fo l lowing  conclus ions  were drawn: 

1 .  For the  s imula ted  t r a n s p o r t  a i r p l a n e ,  use  of  s p o i l e r  d i r e c t  l i f t  con- 
t r o l  provided b e t t e r  f l i gh t -pa th -ang le  response c a p a b i l i t y  than  e l e v a t o r  con- 
t r o l .  Adverse s p o i l e r  p i t c h i n g  moment was e a s i l y  canceled by e l e v a t o r  c o n t r o l  
without s i g n i f i c a n t l y  a f f e c t i n g  the f avorab le  s p o i l e r  l i f t  e f f e c t s .  I n  t h i s  
s t u d y ,  t he  Veloc i ty  Vector Cont ro l  System provided a very  respons ive  and s t a b l e  
f l i gh t -pa th -ang le  rate command sys tem.  The b a s e l i n e  c o n t r o l  system was less  
respons ive  by comparison and e x h i b i t e d  a l i g h t l y  damped f l i gh t -pa th -ang le  rate 
c o n t r o l  response.  

2.  F l igh t -pa th-angle  s t a b i l i t y  was much b e t t e r  f o r  t he  Veloc i ty  Vector 
Cont ro l  System dur ing  t h e  3O ins t rument  landing  system g l ide - s lope  t r a c k i n g  
t a s k .  The a i r p l a n e  maintained f l i g h t - p a t h  a n g l e  wi th in  kO.1° o f  p i l o t  com- 
mands throughout an approach which inc luded  tu rbu lence .  The b a s e l i n e  system 
produced f l i gh t -pa th -ang le  e r r o r s  t h a t  were l a r g e r  by a f a c t o r  o f  4 .  

3. I n  an environment o f  f r equen t  f l igh t -pa th-angle  changes, t h e  Ve loc i ty  
Vector Cont ro l  System d i sp layed  response and s t a b i l i t y  advantages.  A f l i g h t -  
path-angle t r a c k i n g  t a s k  r e s u l t e d  i n  nominal f l i gh t -pa th -ang le  e r r o r s  o f  +0 .2O 
f o r  t he  Ve loc i ty  Vector Cont ro l  System and k O . 5 O  f o r  t h e  b a s e l i n e  system. 

4. Airplane  p i tch-angle  and angle-of -a t tack  a c t i v i t y  was reduced w i t h  t h e  
Veloc i ty  Vector Cont ro l  System, p r i m a r i l y  due t o  s p o i l e r  d i r e c t  l i f t  c o n t r o l .  
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APPENDIX A 

RESEARCH AIRPLANE 

The research a i r p l a n e ,  opFrated by the  Langley Research Center ,  is a 
twin-engine medium j e t  t r a n s p o r t  t h a t  was modified t o  i n c l u d e  an advanced 
research cockp i t  and onboard f l i g h t  research equipment. A cutaway view of  
t h e  a i r p l a n e  is shown as f i g u r e  1 .  Equipped w i t h  t r i p l e - s l o t t e d  t r a i l i n g -  
edge f l a p s ,  leading-edge slats,  and Krueger leading-edge f l a p s ,  t h e  v e h i c l e  
was designed f o r  medium- and shor t -hau l  o p e r a t i o n s  i n t o  smaller a i r p o r t s  w i t h  
l i m i t e d  runway l e n g t h .  Longi tudina l  c o n t r o l  is achieved by an e l e v a t o r  and 
movable s t a b i l i z e r ,  and la teral  c o n t r o l  is  obta ined  by combined a i l e r o n  and 
s p o i l e r s .  A s ing le - su r face  rudder provides  d i r e c t i o n a l  c o n t r o l .  The two 
tu rbofan  engines  are equipped w i t h  d e f l e c t o r  doors  f o r  r e v e r s e  t h r u s t  
ope ra t ion .  I 



APPENDIX B 

DESCRIPTION OF THE BASELINE-SYSTEM CONTROL LAW 

A s  a r e s u l t  of the WCS development e f f o r t ,  it was recognized t h a t  f u r t h e r  
op t imiza t ion  of  t h e  b a s e l i n e  system could be achieved by re f inements  t o  t he  
c o n t r o l  law. However, t he  e x i s t i n g  b a s e l i n e  des ign  was used as a basis of  
comparison i n  t h i s  s tudy .  

F igure  11 shows a f u n c t i o n a l  schematic of  the  base l ine-sys tem c o n t r o l  l a w .  
P i l o t  i n p u t s  on t h e  PMC are used i n  two separate p a t h s  t o  effect  e l e v a t o r  
commands. 
a d i rec t  e l e v a t o r  command t o  qu ick ly  start t h e  a i r p l a n e  p i t c h i n g  i n  the  appro- 
p r i a t e  d i r e c t i o n  f o r  t he  des i red  change i n  y .  This  s i g n a l  is summed w i t h  
o t h e r s  t o  form the  s i g n a l  des igna ted  0 which, a f t e r  a p p r o p r i a t e  s c a l i n g ,  
becomes the  e l e v a t o r  command (6ec ) .  

The pa th  des igna ted  as 0 is a "feed-forward" p a t h  which p rov ides  

The second pa th  f o r  PMC i n p u t s  is  i n t e g r a t e d  t o  form the  commanded f l i g h t -  
p a t h  ang le  yc shown as pa th  @ .  Combining t h i s  r e fe rence  s i g n a l  wi th  the  
a c t u a l  y s i g n a l  @ r e s u l t s  i n  t he  e r r o r  s i g n a l  Ay, which is then  used t o  
d r i v e  the e l e v a t o r  as necessary  t o  hold y. (Actua; y is der ived  by a compu- 
t a t i o n  i n  t h e  f l i g h t - c o n t r o l  computers which u s e s  h and ground speed . )  

Inner-loop s t a b i l i z a t i o n  is provided by two p a t h s .  The primary s t ab i l i -  
z a t i o n  s i g n a l  is  t h e  6,,/Ay g a i n  shown as pa th  0. To avoid  s t e a d y - s t a t e  
s t a n d o f f  e r r o r s  which would occur  due t o  bias e r r o r  s i g n a l s  or  e l e v a t o r  t r i m  
requi rements ,  an  i n t e g r a l  pa th  @ was a l s o  added. 
must be canceled by the e l e v a t o r  would o therwise  cause a s t e a d y - s t a t e  e r r o r .  

Short-period mode damping is  provided by pitch-rate feedback @ . 

( A  p i t c h  trim change which 

Roll-  
a n g l e  feedback is used t o  c a n c e l  a loss  o f  t h e  v e r t i c a l  component of  lift due 
t o  bank ang le s .  

11 



APPENDIX C 

DESCRIPTION OF THE VELOCITY-VECTOR-CONTROL-SYSTEM CONTROL LAW 

Figure  12 is a schematic diagram o f  the  VVCS c o n t r o l  law. Three s e p a r a t e  
feed-forward p a t h s  are used f o r  open-loop c o n t r o l .  A s  i n  t h e  b a s e l i n e  system, 
PMC s i g n a l s  are s e n t  through a g a i n  and n o i s e  f i l t e r  a long  pa th  @ t o  i n i t i a t e  
p i t c h  response through t h e  e l e v a t o r .  The VVCS a l s o  sends  t h i s  PMC s i g n a l  a long  
pa th  @ d i r e c t l y  t o  the  s p o i l e r s  t o  provide  an immediate l i f t  increment t o  
s tar t  changing y.  F i n a l l y ,  t o  c o u n t e r a c t  s p o i l e r  p i t c h i n g  moment, t h e  s p o i l e r  
command s i g n a l  is c ross fed  t o  provide  a d d i t i o n a l  e l e v a t o r  c o n t r o l  a long  pa th  0. 

The closed-loop e r r o r  s i g n a l  Ay is  formed i d e n t i c a l l y  t o  t h a t  o f  t h e  I b a s e l i n e  system. 
compared w i t h  y t o  form t h e  e r r o r  s i g n a l .  

P i l o t  commands @ are i n t e g r a t e d  t o  form yc, which is then  

Closed-loop s t a b i l i t y  and c o n t r o l  is accomplished by combining e l e v a t o r  
and s p o i l e r  c o n t r o l .  The primary e l e v a t o r  s t a b i l i z a t i o n  s i g n a l  is  der ived  from 
passing the  Ay s i g n a l  through a high-gain lead-lag f i l t e r  0. An i n t e g r a l  
pa th  @ was added t o  take care o f  p o s s i b l e  s t andof f  e r r o r s  of  t h e  type  men- 
t i oned  i n  appendix B. S p o i l e r  closed-loop c o n t r o l  p rov ides  r a p i d  l i f t  modu- 
l a t i o n  f o r  precise y 
Vertical a c c e l e r a t i o n  feedback 0 e s s e n t i a l l y  p rov ides  a 
s t a b i l i z a t i o n  and Ay @ prov ides  long-term s p o i l e r  c o r r e c t i o n s  f o r  f l i g h t -  
path-angle e r r o r s .  

s t a b i l i t y  i n  t h e  presence  of t u rbu lence  and wind shears. 
s i g n a l  f o r  

Another des ign  f e a t u r e  o f  t h e  VVCS is its use  o f  EPR feedback f o r  cance l ing  
p i t c h i n g  moment due t o  t h r u s t  changes. The technique is based upon knowledge 
o f  t h e  r e l a t i o n s h i p  between engine l o c a t i o n ,  engine t h r u s t ,  EPR, and e l e v a t o r  
e f f e c t i v e n e s s .  An a n a l y s i s  o f  these f a c t o r s  produced a g a i n  o f  8.2 which, when 
a p p l i e d  t o  t h e  EPR feedback s i g n a l  @, commands t h e  proper  amount o f  e l e v a t o r  
t o  c a n c e l  th rus t - induced  p i t c h i n g  moments. Two b e n e f i t s  are immediately a v a i l -  
able from t h i s  scheme: 
and an e l e v a t o r  bias s i g n a l  is provided downstream of the  washout i n t e g r a t o r  @, 
a l lowing  a r educ t ion  i n  t h e  i n t e g r a t o r  g a i n  and thereby  c o n t r i b u t i n g  t o  a n  
i n c r e a s e  i n  system s t a b i l i t y .  

The p i t c h  a c t i v i t y  due t o  t h r u s t  changes i s  cance led ,  

Pitch-rate feedback @ is  used f o r  sho r t -pe r iod  mode damping. Roll-  
a n g l e  feedback is  used t o  c a n c e l  a l o s s  of t h e  v e r t i c a l  component o f  lift due 
t o  bank ang le s .  
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TABLE I.- TEST AIRPLANE DIMENSION AND DESIGN DATA 

General : 
Overa l l  l eng th .  m ( f t )  . . . . . . . . . . . . . . . . . . . . .  28.65 (94 .0)  
Height t o  top  o f  v e r t i c a l  f i n .  m ( f t )  . . . . . . . . . . . . .  11.28 (37.0)  
Typica l  landing  weight.  N ( l b )  . . . . . . . . . . . . . . .  371 400 (83  500) 

Wing : 
Area. m2 ( f t2) . . . . . . . . . . . . . . . . . . . . . . . . .  91.04 (980) 
Span. m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . . .  28.35 (93 .0)  
Mean aerodynamic chord. m ( f t )  . . . . . . . . . . . . . . . . .  3.41 (11 .2)  
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8.83 
Sweep o f  quar te r -chord .  deg . . . . . . . . . . . . . . . . . . . . . .  25 
Flap d e f l e c t i o n  (maximum). deg . . . . . . . . . . . . . . . . . . . . .  40 
Inboard ground s p o i l e r s  (maximum d e f l e c t i o n ) .  deg . . . . . . . . . . .  60 
All o t h e r  s p o i l e r s  (maximum d e f l e c t i o n ) .  deg . . . . . . . . . . . . . .  40 

Hor i zon ta l  t a i l  : 
T o t a l  area. m2 ( f t 2 )  . . . . . . . . . . . . . . . . . . . . . .  28.99 (312)  
Span. m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . . .  10.97 (36 )  

Eleva tor  d e f l e c t i o n  (maximum). deg . . . . . . . . . . . . . . . . . . .  k21 
S t a b i l i z e r  d e f l e c t i o n  (maximum). deg . . . . . . . . . . . . . . . .  -14. +3 

Propuls ion  system (two tu rbofan  eng ines ) :  
Maximum u n i n s t a l l e d  t h r u s t  per  engine 

(sea l e v e l  s t a t i c ) .  N ( l b )  . . . . . . . . . . . . . . . .  62 300 ( 1 4  000) 
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Figure 1.-  I n t e r n a l  arrangement of r e s e a r c h  a i r p l a n e .  
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Figure  2.- Simulated test a i r p l a n e  response t o  s t e p  c o n t r o l  s u r f a c e  inpu t s .  
See table I1 f o r  f l i g h t  cond i t ions .  
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Figure  4.- EADI d i s p l a y .  
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